The complete genome sequence of Caulobacter phage phiCb5 has been determined, and four ORFs identified and characterized. As for related phages, the ORFs code for maturation, coat, replicase and lysis proteins, but unlike to other Leviviridae members, the lysis protein gene of phiCb5 entirely overlaps with the replicase in a different reading frame. The lysis protein of phiCb5 is about two times longer than that of the distantly related MS2 phage, and presumably contains two transmembrane helices. Analysis of proposed genome secondary structure revealed stable 5' stem-loop, similar to other phages and substantially shorter 3' UTR structure with only three stem-loops.
Capsids of alloleviviruses contain about 5% of A1 protein, which is a prolonged readthrough variant of CP that has been shown to be necessary for infection (8) . The genome organizations of the Pseudomonas phage PP7 (12) and broad host-range phage PRR1 (14) , are similar to that of leviviruses, while the Acinetobacter phage AP205 (10) has a slightly different genome organization (Fig. 1A) .
The RNA phage ϕCb5, first isolated by Schmidt (16) , infects bimorphic Caulobacter crescentus bacteria through adsorption to pili specific to swarmer cells (15) . Phage ϕCb5 RNA was isolated and sequenced as previously described (13) . The obtained sequence from several overlapping clones covered most of the phage genome, except the 5' and 3' ends. To determine the phage genome sequence of the 5' end, its cDNA 3 3161. The PCR fragment was cloned, and four clones were sequenced. All of the clones displayed the 3' end of the RP gene followed by 82 additional nucleotides.
The genome of ϕCb5 is organized in a similar way as in leviviruses (Fig. 1A) . After a short 5' UTR, ORF1 encodes AP, ORF2 encodes CP, and ORF3 encodes RP.
However, the LP gene of ϕCb5 is placed differently and entirely overlaps with the RP gene in the (+1) reading frame.
The nucleotide sequence of ϕCb5 genome and amino acid sequences of the individual proteins have very low homologies with their counterparts in other RNA phages. The only sequence which can be aligned unambiguously is the central part of RP (residues 295-537). The coat protein of ϕCb5 has low sequence similarity to other RNA phages, and none of the residues conserved among PRR1, PP7, and all coliphages are conserved in ϕCb5. However, reliable alignment based on known three-dimensional structures of coat proteins can be performed (13) . In both cases, phylogenetic analysis suggests that ϕCb5 forms a distant branch among Leviviridae and does not belong to either Levivirus or Allolevivirus (Fig. 1B) .
Like in other related phages, the capsid of ϕCb5 consists of 180 CP monomers. The crystal structure of the ϕCb5 capsid has been described in detail by Plevka et al. (13) .
The CP of ϕCb5 is unusually short, only 122 amino acid residues, while the CPs of other Leviviridae phages have lengths ranging from 127 to 132 residues.
Although the most obvious initiation site for AP is the first AUG codon in the genome that also has a strong preceding SD sequence, mass spectrometry revealed the presence of a protein of a smaller mass than predicted from the sequence (data not shown). To establish the actual translation start site of the AP, the proteins of purified In ϕCb5, no obvious ORF corresponding to the LP of leviviruses or to AP205 could be detected. Analysis of the translated genome sequence using the TMHMM 2.0 server (11) revealed in total three transmembrane helices that entirely overlapped with the RP gene in a different reading frame. The first helix, encoded by nucleotides 2098-2226, lacked any suitable upstream initiation codon and when the respective sequence was cloned into an expression plasmid with an AUG initiation codon, no change in cell growth was observed upon induction ( Fig. 2A) . The other two transmembrane helices were found in a potential ORF that had a strong SD sequence on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from but an unusual start codon, UUG. However, unusual LP start codons have been reported earlier for several other small RNA phages like fr (1), PP7 (12) and PRR1 (14) . Possibly, non-AUG start codons might help to limit expression of potentially dangerous proteins. The ORF was 135 residues long, considerably exceeding the LP lengths of other small RNA phages (Fig. 2B) . Upon ORF cloning and expression, the optical density decreased ( Fig. 2A) in a similar manner as described for AP205 and PRR1 LPs (10, 14) . The cell growth was not affected by a similar expression plasmid with an identical sequence except for a termination codon that was placed after the second codon of the putative LP gene ( Fig. 2A) . When both potential transmembrane helices were cloned and expressed separately, cell growth was halted, but no decrease in the OD value was observed (Fig. 2A) . It should be noted that the above putative LP expression attempts were carried out in E.coli, therefore we can not exclude the possibility that analyzed ORFs would behave differently in ϕCb5 host Caulobacter.
RP is the most conserved protein among Leviviridae phages with the highest homology around the active site. Although the overall sequence identity is low, the ϕCb5 RP has the GDD and FRESCG motifs that are totally conserved among all known Leviviridae phages. There are several initiation codons in the beginning of RP ORF. The first AUG has also a significant SD sequence upstream; therefore, we assume that RP is most likely translated from the first AUG codon.
The small RNA phages have a characteristic RNA stem-loop structure including RP start codon (Fig. 3A) . This stem loop serves as a binding site for a CP dimer, which represses the translation of RP gene in late stages of infection. The putative secondary RNA structure of the region surrounding RP initiation codon is shown in Fig. 3B .
There are two more stem-loops close to the three downstream AUG codons that could potentially serve as repression sites (Fig. 3B) . However, we failed to demonstrate ends, believed to be necessary for strand separation during replication (2, 18) . A similar loop is found near the 5' end of the ϕCb5 genome (Fig. 4A ).
3' UTRs of small RNA phages are folded in a separate domain composed of four to nine stem-loops (Fig. 4B ). ϕCb5 appears to have the simplest arrangement known so far with just three stem-loops including the RP termination codon containing R1 loop.
In coliphages and AP205 there is a conserved UGCUU sequence 15-17 nts from the 3' end that in the case of phage Qβ has been shown to regulate replication via a long distance interaction (9) . The last stem-loop of ϕCb5 RNA is somewhat similar to the U1 loops in related phages and it contains a UGCUG sequence 16 nts from the 3' end.
A sequence complementary to UGCUG is found in two positions in RP gene, but due to unsignificant sequence similarity of ϕCb5 and Qβ genomes it cannot be concluded whether a long distance interaction takes place in ϕCb5 as well.
Nucleotide sequence accession number. The sequence has been deposited in GenBank under accession number HM066936. (+1) A G  UA  UA  UA  GC  A  GC  GC  AU  AU  UA   AP205   UG  A A  AU  CG  GC  UA  UA  U  CG  GC  AU   PRR1   C  G U  A A  GC  GC  A  AU  UA  AU  CG  CG 
